INTRODUCTION
In skeletal and cardiac muscle, the release of Ca 21 ions through ryanodine receptor calcium release channels (RyRs) into the cytoplasm leads to muscle contraction. RyR1 is present at high levels in skeletal muscle, and RyR2 is the dominant isoform in cardiac muscle. A muscle action potential initiates L-type Ca 21 channel protein conformational changes that either permit an influx of extracellular Ca 21 (in cardiac muscle) 1 or alter the conformation of the RyRs by a direct physical interaction (in skeletal muscle) 2 with both mechanisms leading to the release of Ca 21 from the sarcoplasmic reticulum (SR) via the RyRs and subsequent muscle contraction. The skeletal muscle and cardiac muscle RyRs are massive ion channels that are composed of four RyR 560 kDa peptide subunits, four small 12 kDa FK506 binding proteins (FKBP), and various associated proteins that include calmodulin. [3] [4] [5] Calmodulin (CaM) is a small cytoplasmic Ca 21 (Fig. 1, middle panel) . Table I concentration to 100 lM resulted in only small changes in the three parameters. In contrast to RyR1, CaM binding to RyR2 proceeded with an enthalpy near zero and increased entropy at 0.15 lM Ca 21 , which suggests that the reaction was entropically driven (Fig. 1 , bottom panel; Table I ). Thermodynamic parameters of CaM binding to RyR2 were not determined at <0.01 lM Ca 21 because of a low binding affinity, and not at 100 lM Ca 21 because CaM bound to additional sites most likely present in other proteins of cardiac SR membrane fractions. 13 [ 35 S]CaM dissociation experiments were performed to determine the effects of temperature on the stability of the CaM-RyR complexes. As shown in Figure 2 (Fig. 2, bottom panel). Table II shows that the dissociation rate constant for RyR1 was decreased twofold at 268C in presence of 100 lM Ca 21 compared with <0.01 lM Ca 21 , whereas the activation energy of dissociation was independent of Ca 21 concentration. In contrast to RyR1, the dissociation rate constant of CaM from RyR2 was nearly independent of temperature at 0.15 lM Ca 21 , yielding an activation energy of dissociation 20-fold lower for RyR2 than RyR1. Taken together, data of Tables I and II suggest major differences in the thermodynamics of interaction between CaM and RyR1 or RyR2.
DISCUSSION
Cryo-electron microscopy has indicated that apoCaM and CaCaM exert their functional effects by binding to an overlapping region that is a considerable distance away from the effector site (ion pore) of RyR1, 22 which suggests that CaM exerts its function via long-range interactions involving appreciable parts of the massive RyRs. CaM binding to the intact receptors confirmed that the RyRs have a single conserved binding domain for apoCaM and CaCaM. 9,10,13,14 The CaM binding domain in RyR1 is highly conserved among the mammalian RyRs; however, differences in the interaction of the CaM with the RyRs have been observed. At submicromolar Ca 21 concentrations, RyR1 is activated whereas RyR2 is inhibited by CaM. 13 Site directed mutagenesis in CaM binding domain affected CaM binding and regulation to a different extent in the two isoforms. 23 Consistent with this observation, comparison of thermodynamics shows that CaM interacts with the two RyRs in differ- Figure 1 . Table II . R 2 and P values were 0.97 and <0.0001 (l) and 0.01 and 0.73 (*), respectively.
